itinkevich et al., 1978] . Ri rather than • is therefore the relevant parameter for scaling the nonstationary and horizontally heterogeneous surface mixed layer in the warm pool area.
The turbulent boundary layer depth h can be defined from the Richardson number criteria, Ri = Rice Above the critical value of Ri (thought to be 0.20-0.25), turbulence levels are small. At Ri < 0 the flow is convectively unstable and turbulent mixing intensifies; as Ri becomes more negative, the turbulent eddy coefficient Kx increases [Mellor, 1996] . Neutral flow corresponds to Ri = 0. In the range -0.1 < Ri < 0.05 the influence of stratification is negligible and Ri falls out from the set of determining parameters; in these conditions the so-called logarithmic layer develops.
Ri-type mixing schemes have been employed in several parameterization and modeling studies, both in the atmosphere [see Monin and Yaglom, 1971] (1) the shear enters into the denominator.) Velocity measurements involve both systematic and random errors. It is, however, remarkable that the acoustic Doppler current profiler (ADCP) techniques provide almost nonbiased shear measurements (which appear to be limited only by the effects described by Lien et al. [1994] ), thus substantially reducing the systematic error. As to the random error, it can be significantly reduced by an ensemble averaging.
The Tropical Ocean-Global Atmosphere (TOGA) Coupled Ocean-Atmosphere Response Experiment (COARE) [Webster and Lukas, 1992 ] provided a comprehensive data set on the surface mixed layer of the ocean in the western equatorial Pacific warm pool, including the velocity (ADCP) [Lukas et al., 1995] , density [Huyer et al., 1996] , and turbulence [Smyth et al., 1996] observations. These data sets are used here to validate the Ri-type mixing parameterization explicitly incorporating the physics of the turbulent boundary layer.
The paper is organized as follows. In section 2 the COARE data sets that are used in this paper are described. In section 3 the theoretical basis for the scaling of planetary boundary layers is summarized on the basis of the previous atmospheric observations. In section 4 the COARE upper ocean velocity and dissipation rate data are scaled as a function of the Richardson number. In section 5 we develop a new parameterization for the vertical mixing coefficient, on the basis of a parameterization scheme using the Ri number and compare it with the TOGA COARE data. In section 6 the new parameterization is tested on several time series starting from a simple extrapolation of the velocity profiles within the mixed layer to a mixed layer model of the diurnal cycle under both low and high wind speed conditions.
Data Description
The COARE was conducted in the western equatorial Pacific Ocean to obtain a better understanding of the warm pool system [Webster and Lukas, 1992 In this paper (section 6.2.2) we will also use observations in the near-surface layer of the ocean during the COARE Enhanced Monitoring cruise EQ-3. This data set is described by Soloviev and Lukas [ 1997a] .
Typical examples of the vertical profiles of the mean current, stratification, stability, and shear parameters in the westem Pacific warm pool are shown in Figure 2 . These examples are from three west-east R/V Wecoma sections during leg 2. Ri is calculated using the "Seasoar" and ADCP gridded data (10 m in depth and -3 km in horizontal distance) and the formula, Ri -N2/Sh 2, where N 2--gAp/Az and Sh 2 = (Au/Az) 2 + (Av/Az) 2.
The averaging is performed on the corresponding depth surfaces along the individual RFV Wecoma sections. Note that the terms in the numerator and denominator of the expression for the Richardson number are averaged separately.
The examples shown in Figure 2 comprise conditions of (a) moderate wind speed, (b) westerly wind burst, and (c) calm weather. In the examples given in Figures 2a and 2b the surface mixed layer is clearly seen both in the density and the velocity profiles; the Richardson number within the mixed layer is below its critical value Ricr = 1/4. Under calm weather conditions ( Figure 2c) 
Boundary Layer Laws
The system of equations (A1)-(A6) given in Appendix A suggests that the shear, buoyancy, Coriolis, and pressure gradi- • [Turner, 1973] . This is a self-regulated state when the flow adjusts to the existing gross shear and stratification. It is characterized by essentially linear profiles of horizontal velocity and density (note that the linear profiles of density and velocity are the asymptotic limit of relations (5) and (6) at •--> oo ). The regime of marginal stability has been observed in the atmospheric boundary layer over the ice in Antarctica, in the nocturnal atmospheric boundary layer, in the outer boundary layer of the gravity current [Turner, 1973] , during dust storms in the atmosphere [Barenblatt and Golitsyn, 1974] , and in the equatorial diurnal thermocline [Kudryavtsev and Soloviev, 1990] .
The self-regulated layer effectively isolates the near-surface turbulent boundary layer from the water below. From (3a), (8) 
Rotation Effects
The very near surface part of the oceanic turbulent boundary layer is subject to strong wave influence. The wave dissipation is essentially concentrated within a relatively thin nearsurface layer of the ocean, which is equal to about 60% of the significant wave height (A. Soloviev In this work we propose a mixing parameterization scheme that is based on the gradient Richardson number rather than on the stability parameter (. The Ri-type scheme adjusts to the environmental conditions on the relatively short (turbulence) timescale and substantially reduces the effects of nonstationarity.
Boundary Layer Scaling of the Velocity and
As to the vertical variation of the wind-induced momentum flux, it is a common problem for scaling the nonstationary oceanic [Large et al., 1994] and atmospheric [Tennekes, 1973] 
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The strong power dependence and unboundedness of (15) The important feature of parameterizations (18) and (19) is that they have correct boundary layer asymptotes for stable, unstable, and neutral stratification. As a result, parameterizations (18) and (19) are capable of resolving such details of active mixed layer as the shear and the stratification. The shear and the stratification within the mixing layer are relatively small but dynamically important factors; they are associated with the vertical transfer of buoyancy and momentum. Figure 11 shows the mixing coefficient Km scaled with the local friction velocity rather than its surface value. In this case, parameterization (18) is in better agreement with the data; however, the difference is relatively small.
The scaling used in this paper is consistent with the idea that the shear within the mixed layer is proportional to the friction velocity u, [Stomrnel, 1960 [1994] based on the boundary layer scaling also infers that K m --u,.
An important feature of turbulence, which has to be taken into account in mixing parameterization schemes, is that it is a fundamentally "nonlocal" process [Deardorff, 1972; Stull and Kraus, 1987; Large et al., 1994] . This is because the turbulent transport is performed via a cascade of eddies. The nonlocal behavior of turbulence is associated with the presence of spatially coherent organized motions. There are numerous reports about observation of coherent structures in the surface layer of the ocean, including Kelvin-Helmholtz billows [Thorpe, 1969] [Thorpe, 1988; Soloviev, 1990] , and sharp frontal interfaces [Soloviev and Lukas, 1997b] .
Diffusive models, which are based on the parameterization of turbulent transports by eddy coefficients, are essential local. 
